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ABSTRACT

Morgan,' Douglas C. MSME. Purdue University. August 1988. Concenlrarion
Measurements in a Cold Flow Model Annular Combustor using Laser Induced

Fluorescence. Major Professors: Dr. John P. Sullivan, School of Aeronautics and

Astronautics and Dr. S. Fleeter, School of Mechanical Engineering.

A nonintrusive concentration measurement method is developed for determining

the concentration distribution in a complex flow field. The measurement method consists'

of marking a liquid flow with a water soluble fluorescent dye. The dye is excited by a

two dimensional sheet of Iaser light. The fluorescent intensity is shown to

proportional to the relative concentration level The fluorescent field is recorded on a

video cassetterecorderthrough a video camera. The recorded images are analyzed with

image processinghardware and software toobtainintensitylevels.Mean and rootmean

square(rms) valuesarecalculatedfrom theseintensitylevels.

The method is tested on a single round turbulent jet because previous concentration

measurements have been made on this configuration by other investigators. The previous

results were used for comparison to qualify the current method. These comparisons

showed that this method provides satisfactory results.

The concentration measurement system was used to measure the concentrations in

the complex flow field of a model gas turbine annular combustor. The model annular

combustor consists of opposing primary jets and an annular jet which discharges

perpendicular to the primary jets. The mixing between the different jet flows can be

visualized from the calculated mean and rms profiles. Concentration field visualization



imagcsobtained from the image procvssing provi_ ftu_cr qualiuuivc information about

• e flow ficld.



CHAPTER 1: INTRODUCTION

j •

This thesis investigates the mixing which occurs between a turbulent jet and its

surroundings. This configurationoccurs in the combustion chamber of gas turbine

engines,with the primary airjetsdischargingintothe combustor. The mixing between

the primary air and the fuel/secondaryair mixture influencesthe flame stabilityand

burningefficiency.Other engineeringapplicationsof thistechniqueincludedilutionof a

smokestack dischargein the atmosphere or dilutionof a pipelinedischargein a river,but

herethe combustor applicationisofprimary interest.

The objectiveisto develop a nonintrusivemethod to measure concentrationin a

complex tl%rccdimensional flow field.This method willthen be used to measure the

concentrationfieldina model gas turbineannularcombustor.

The concentration field of a round turbulent jet discharging into a stagnant

reservoir has been measured previously. Becker, Hottel and Williams [2] explain in great

detail the concentration measurement method known as marker nephelometry. This

involves measuring the light scattered by marker particles in the fluid flow. The marker

particles must have small inertia and small tendency to evaporate, coagulate, sublime or

reactchemically. The sizeof the particlesmust be maintained in a range to prevent

excessivecoagulation.The intensityof the scatteredlightisproportionalto the number

densityof the particles,ffthe densityiskept sufficientlylow tomeet the conditionsfor

independent scattering.At the same time,a minimal number of particlesmust be present
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in the probe volume to represent a continuum. Becker, Hott¢l, and Williams [3] utilized

the lightscattering technique to measure concentrationsin an airjet, with oil smoke

particlesas a marker. Birch,etal.[5]measured concentrationsin a naturalgas turbulent

freejetby detectingRaman scatteredlaserlight.Long, Chu and Chang [9l,and Long,

Webber and Chang []°]measured concentrationdistributionsin a jet,seeded with sugar

aerosols; by detecting the Mie scatteredlaser light. ChigierandBccu "[6]made

concentrationmeasurements along the ccnterlineof a coaxial airjet arrangement by

introducingCO 2 as a tracergas. The casewith annularflow equal tozero,correspondsto

a singleturbulentjet.

The method of concentrationmeasurement used in thisthesisutilizesa fluorescent

dye for a flow marker. The dye isexcitedby a sheet of laserlightcausing the dye to

fluoresce.The localfluorescentintensityisproportionalto the localdye concentration.

The constraintsmentioned above formarker particlesdo not apply,sincethe marker size

is molecular. The dye concenn'adon does have to be kept low enough to prevent

significantabsorptionof the laserintensityby the dye. The fluorescentfieldisrecorded

on videotape and the images arc digitize&with a numerical value,based on the local

intensity,assignedto each pixellocation.Dahm and DimotakisIv]used a fluorescentdye

excitedby a laserbeam, which was scanned by a linearphotodiodc array,tomeasure the

radialconcentrationdistributionacrossa un'bulentjet.The arraywas scanned very fast

givinga nearlyinstantaneousimage, but thisgives only one dimension of information

(alongthe beam).

Balint,Ayrault and Schon [I]obtained a two dimensional con_u'ation f_Id by

recording the laser light scattered by aloxite particles in an air jet. The laser light was

spread into a sheet by a set of rotating _. The scattered light was recorded with a

16 mm modon picture camera providing a two dimensional representation of the
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concentration fi6id. Borleteau [61 recorded light scattered by oil droplets, on a video tape

to obtain a two dimensional concentration field. A rotating cylindrical lens was used to

form the laser sheet. Seal It"° measured the concentration field in an air jet by using seed

particles, which were created by atomizing a combination of ethyl alcohol and a

petroleum distillate mixture, to mark the jet flow and recording the light scattered from a

sheet of laser light, on a videotape. He provided only qualitative concentration

distributions with these recorded images.

Brandt [8] combined the benefits of fluorescent dye with the two dimensional image

capability of a video camera to record the concentration field in both a laminar jet and a

turbulent jet. This thesis extends Brandt's method to include comparing quantitative'

results from a round turbulent jet with those measured by others. This ease was used to

validate the measurement system.

The same concentration mcasffrement method was also applied to a flow system

consisting of two opposing impinging round turbulent jets in a channel. An annular jet

discharges into the channel from one end, perpendicular to the round jets. This flow

system was designed to model the flow in a gas turbine annular combustor, with the

round jets representing the primary air jets and the annular jet representing the

fuel/secondary air mixture flow.
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CHAPTER 2: MEASUREMENT SYSTEM

j •

The measurement system was developed to determine the relative concentration

levelsin a turbulentjetflow. This was accompnshed through the use of a fluorescentdye

as a marker of thejetflow. The measurement method was testedon around turbulentjet,

a configurationin which theconcentrationdistributionhas be,cn previouslymcasm'ed by

other investigators.The system was then appliedto the more complex case of a model

gas turbineannularcombustor flowfield.

2.1 Experimental Apparatus

A fluorescentdye (Rhodamine 6-(3)was injectedintothejetflow farupstream (22

jetdiameters) of thejetexitto allow thorough mixing. The beam of a Spectra-Physics

argon ion laserwas passed through a cylindricallens,producing a thin sheetof light

aligned with the jet axis. The sheet of laserlightwas spread much wider than the

measurement regionw reduce the effectof the Ganssian intensityvariationsacrossthe

lasersheer.The laserlightcausesthe dye to fluoresce,such thatthe fluorescentintensity

isproportionalto the laserpower and the localconcentrationof dye, forlaserintensities

below the fluorescencesann_tionlevelas described by Walker [211.Koochesfahani and

Dimotakis [13]developed an expressionforthe dye concentrationata point,i.

C(i)=K(i) V(i)-D(i) (2.1.1)



where: ..

C(i) = l_al dye concentration

K(i) = attenuation factor for absorption of the laser intensity by the dye

V(i) = ith pixel output

D(i) =. dark response of im pixel

The quantity [3 (i) contains the effects of n0nuniformity of imaging and pixel sensitivity

and laser sheet thickness variations. These effects were experimentally determined to be

negligible by observing the measured fluorescent intensity variations across the test

section with a uniform dye concentration (see Appendix). The attenuation factor, K(i),

was kept very near 1.0 by injecting dye at a very low rate (approx. 20 ppb), thus reducing

the amount of dye available to absorb the laser power. The choice of Rhodamine 6-G for

the dye, also reduced the absorption. Figure 2.1 shows the mean concentration profile of

Fluorescein, another fluorescent dye." The laser light entered the jet from the right side of

the axis. The apparent variation in concentration across the jet is due to the absorption of

the laser intensity by the Fluorescein. This did not occur with the Rhodamine 6-G, which

will be shown by the results later in this chapter. To determine absolute concentration

levels, the system would have to be calibrated to provide concentration for a given local

laser power. However, only relative values of concentration am required for this thesis.

Therefore, the local relative dye concentration is the difference between the pixel output

and the dark response. The dark response was obtained by recording the camera output

with no dye in the test section.

Figure 2.2 shows a schematic diagram of the test equipment setup. The fluorescent

intensity was recorded through a Panasonic digital video camera, with a pickup element

consisting of a 499 x 574 matrix of charge coupled devices, which will be referred to as

segments of the pickup element. The camera was operated in the strobe effect shutter



mode, which rec.ords each field in .001 second instead of the normal 1/60 second. This

reduces the time averaging across each field. The fields are still 1/60 second apart to

remain compatible with standard video cassette rcco_ (VCR's). Two consecu6vc

fields arc interlaced to produce a frame. Figure 2.3 illusu-a_s how the camera acquits

the fieldsand how they arcinterlaced.The effectof the 1/60second between fieldscan

be seen l)y plottingthe odd and even pixelsseparatelyon a verticalscan across the
e -

image. This isshown inFigure2.4,where the concentrationvaluesfora singleframe arc

plotted.The largestchanges between fieldsoccur atthejetedges,as expected. This will

have no effecton the mean and rms calculations.

The camera output was recorded by a GE VCR onto standard _ inch tape.The.

recorded images wcrc digitizedthrough an IBM PC/AT equipped with Data Translation's

DT-IRIS image processing softwareand hardware. The digitizedimage isthe resultof

assigninga value from 0 to 255 (8 bits)to each pixel(480 linesby 512 pixcls)based on"

the recorded intensity.Mean and root mean square (rms) values at selectedpixel

locationscan then be computed from the digitizedimages. These quantitieswcr_

calculatedfrom 50 flames each spaced approximately 1.4 seconds apart. The time

between processed frames isdue tothe computer processingtime. Only 50 frames were

used,because extensive dye recirculationwithin the testsectionwas encountm'ed after

approximately 70 seconds. Mean and rms valueswere calculatedas fonows.

I N

='_" Z Ci (2.1.2)
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C _ -- (2.1.3)

where :

= relativemean concentration

c'= rms concentration;

N = number of frames

C i= i°_instantaneousrelativeconcentration;(V(i)- D(i))

Visualizationimages arcproduced by mapping theintensitylevelsto colors,which

arc combinations of rod,green and blue,to provide pseudo-color representationsof the

concentrationfield.Pink indicatesthe highestconcentrationand dark bluc corresponds

to the lowest. These color enhanced images allow visualizationof the concentration

distribution.Figure 2.5 shows the 127 fi'amcaverage pseudo-color image of the single

jetdark response.

Itisdcsirablctohave theconcentrationmcasumrncnt system bc independent of the

flow velocity,especiallyfor thisthesissince no velocitymeasurements wcrc made. To

verify that the measurement system is independent of velocity,the fluorescentlight

energy incident on a pickup segment is calculated.The fluorescentlightintensity

rcccivcdby a singlesegment ofthe pickup clement is:

I(t)= [Io(O* e] J C(x,y,z,t)dx dy dz (2.1.4)

p.v.

whom severalquantides arc definedasfollows.



°.

I(t) = fluorescent intensity at the pickup segment

Io(t) = incident laser light intensity

e = fluorescent ¢fiicicncy

C = dye concentration in the probe volume

p.v. = probe volume .

i

I.at:

C(x,y,z,t) dx dy dz = C(t)
p.V.

Then the total fluorescent light energy incident on the pickup segment during the camera

cxposuI'C time, rex p is:

ETOT = A.ps_ l(t)dt= A.ps_ [Io(t)* 81 C(t)dt (2.1.5)
0 " 0

wh¢_:

Aps = pickup segment area

Assume that the incidnnt laser intensity is constant with dm¢. The total fluorescent light

¢n_'gy can then 1:_ writmn as:

E,ror= Oo* e)Ct A 

whom:

= C: _ averaged ova" hap

From the above ¢xp_ssion, itisappa._ntthatthe concentrationmcasm'emcnt system is

independent of velocity.Itisalsoshown thattheconcentrationn_asm'cmcnt isav_-aged
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over the exposure time and over the probe volume.

Table 2.1 shows the sampling time and exposure time requirements for measuring

various quantities. There arc no sampling time requirements for determination of the

mean. The only requirement for rms determination is that the exposure time should bc

less than 'the flow time scale. _To maintain the influence of the smallest scale fluctuations,

0

this would require that the exposure time bc less than the Kolmogorov time microscalc.

The spectrum can bc determined if the time between samples is also small enough.

2.2 Test Case - Single Turbulent Jet

The measurement system was tested on a single round turbulent jet bex:ausc

concentration measurements have bccn made for this configuration by others. This

demonstrates the validity of the measurements.

The experimental configuration consisted of a jet of water issuing from a 0.43 inch

inside diameter tube, with a length to diameter ratio of 25. The water flow was supplied

to the tube from a constant head tank. The tank level was maintained constant by a pump

which supplied water to the tank, and an overflow pipe which discha_'gcs to the holding

tank. The jet discharged vertically into a clear plcxigiass water rv.scrvoir. The

apparatus is shown in Figures 2.6 and 2.]. Mass flow ram was determined by weighing a

sample of water collected over a timed interval. The mass-averaged jet velocity was 1.'/8

ft/scc, giving a Reynolds number based on jet diameter of 5300. The dye mixum:, which

was 3.8 ppm dye, was injected at the ram of 0.00058 lb/scc giving a dye concentration

upstream to the jet exit of 20 ppb.
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For this test case, the receiving optics were arranged such that the length of the

probe volume was 0.006 inches. This was determined by counting the pixels in the

digitized image corresponding to a known dimension, the jet diameter. As stated

previously, the camera was operated in strobe effect shutter mode, which gave an

effective exposure time of 0.001 seconds.

Th_ Kolmogorov microscales were calculated to determine the smallest scales of

fluctuations in the flow. Using an estimate of turbulence dissipation fi'om Tennekes and

Lumley [19], the Icng-Lh and time microscales arc given respectively by,

(2.2.1)

(2.2.2)

where:

v = kinematic viscosity

1 = width of flow (taken as jet diameter)

u = velocity fluctuation

The centerline turbulence intensity, (u/U), increases through the measurement

section, which extends 5.5 jet diameters downstream. From Hinze [lz], the maximum

value within the measurement region would occar at 5.5 diameters and bc approximately

15%. Borrego and Olivari [_ show that at 5.5 diameters downstream the centerline

velocity would still be equal to the exit velocity. Therefore, the mean velocity U is the

exit velocity of 1.78 ft/sec. Prom the above equations, the Kolmogorov length and time

microscales are respectively, 0.003 inches and 0.0045 seconds. This indicates that all but
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the smallestscalefluctuationsare being re.corded.As indicatedin the previoussection,

thishas no effecton the determinationof the mean. The effecton the rms value willbe

minimal, since only the smallest scale fluctuationsare being averaged across the

exposure time. Since thesescalesare smallerthan the me.asummcnt system can resolve,

itis desirableto determine how much of the fluctuationenergy is being re,co_

Becker, ctal.[3]present a concentration fluctuationspectrum r_.orded on the jet
w "

centcrline,plottedagainstArK, which is the product of the axialintegralscaleand the

wavenumber, (Figure2.8).They developed a linearrelationshipforA3,,

Ar=0.0_5x (2.2.3)

where:

x = axial distance from the jet exit

Based on the 1/60 second between iriaage fields, assume that the highest frequency which

can be resolved is 20 Hz. This would give a wavenumber of 71 ft -1. The spectrum

presented by Becket', et al. was measured at 32 diameters downstream. Therefore, the

current value of Aye: must be multiplied by (32/5.5) to be compatible with their spectrum.

This ratioed value for Ar_: is 3.6, _ving a fluctuation energy level which is less than

one-tenth of the energy level at low wavenumbers. Therefore the vast majority of the

fluctuation energy is being recorded.

The results of this test case arc presented in Figures 2.9 through 2.17 with results

from other investigators where available. Figures 2.9 and 2.10 arc visualization images

of the jet concentration field. Figure 2.9 shows a single frame of data, while Figure 2.10

is the result of averaging 127 frames.
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Figure 2,11 presents the mean and fluctuation intensity (c'/C) dam in a

dimensional graphical formal The mean profile can be s_n to fia_n _d spread

downstream as expec_'.,d. The fluctuation in_nsity increases oursid_ of the peaks at the

jet edges. This is due to the nearly zero rms being divided by a decreasing mean value.

Figure 2.12 presents_c concenu'adon profilene.arthe jet exit (x/d = 0.1). The

shape of the mean concenu'adon profile(flatacrossthejetand nem'ly zero outsideof the

jet)indicatesthat the dye was thoroughly mixed with the jet £,_w. The fluctuation

intensityhas an asymmen'ic feature,thisisdue to the mean concentrationcurve.The

value of C on the leftsideof thejetaxisisslightlyhigherthan thaton the rightside. The

jet did spread fasteron thissideand itwas visiblein theflow visualizationprovided by

the fluorescentdye. This was apparentlydue to a manufacturing defect insidethe tube

near the exit.

Figures 2.13 and 2.14 compare rcsuhs with those obtained by Roscnsweig, Hortel

and W'illiams[16].They measured concentrationsin an air jet marked with smoke

particlesby recording the scaucrcd lightfrom the particles.Figu_ 2.13 presents the

mean concentration profileat x/d = 1.0. The dam from Roscnsweig, et al. arc

asymmetric. The authorsdo not discussthisfeaturebut itmay bc duc in pan to the fact

thatthe projectedslitwidth of theirreceivingopticswas 14% of the jetdiameter. This

would make itdifficultto accuratelymeasure the concenu-adon at the jet edges. The

presentdata do agree fairlywell on the leftsideof thejetaxis.Figure 2.14 presentsthe

fluctuationintensityprofileat x/d = 1.5. As with the jetexitprofile,them is a slight

asymmcu'y in the profileat thislocationdue to the defectin the tube. For the present

dam, a 95% certaintyband was calculatedby assuming a normal distributionfor C, and

utilizingSmdenFs tand the _2 distributions.The valueson the rightsideof the jetaxis

show good agreement with thoseobtainedby Rosensweig, etal.
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Measurements made at downstream locations of 2 and 4 jet diameters am

compared with those made by Bormgo and Olivari [vl in figures 2.15 and 2.16. They

measured oil smoke concentrations, in a round turbulent air jet exhausting into ambient

still air, with a light scatter meter. The radial locations are normalized by 8c.. the location

at which the mean concentration is one-half of the centerline value. This allows direct

comparison with Borrego and Olivari's results. The present mean concentration levels

outside of the jet are higher than those measured by Bormgo and Olivari. This is due to

the rccirculation of the dye within the reservoir, causing a higher background

concentration. Their jet exhausted into a room and therefore did not have this condition.

Also included for comparison arc concentration profiles from data recorded by Seal [1"/1.

The configuration was an air jet exhausting .into still ambient air. The light scattered by

marker particles was recorded on video tape. The videotaped data were processed for

comparison with measurements made in this thesis. Seal's data agree quite well with the

present results, with the exception that at x/d = 2.0, the light intensity saturated the image

processing system near the jet centerline. This results in a fiat mean profile and zero rms.

Most of Borrcgo and Olivari's rms data fall within the 95% certainty band about the

current data.

Figure 2.17 shows the jet half width growth along with data from Seal [zv] and

Birch,et al.[Sland analyticalresultsfrom Squire and Trounccr[Is]which arc taken from

Forstall and Shapiro [zl]. The current data agree well with the trend from others. As

.explained above, the current test hardware had a slight flaw causing the jet to spread

slightly faster than would be expected.

Based on the results of this test case and the comparisons with previous

investigators, the measurement system has been found to provide concentration

measurements with satisfactoryaccuracy.
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Table 2.1 Sampling Requirements for Determination of Various Quantifies.

Quantity

c"

Spectrum

Sampling Tune R_'t

None

None

< Flow time scale

Exposure Time Reg't

None

< Flow time scale

< Flow time scale
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CHAPTER 3: EXPERIMENT

The measurementsystemdevelopedinthepreviouschapterwas usedtommsu_

the concentrationfieldin a model gas turbineannularcombustor. This chapterdescribes

thetestapparatusand thetestsperformed.

3.1 Experimental Apparatus

The experimentalapparatusisshown in Figures3.1 through 3.4. This isthe same

test apparatus that was used for the single jet test, with a different test section. The test

sectionfor thistestis a model of a gas turbineannular combustor. The effectsof

curvaturehave bccn assumed to be negligibleand the annularflow channel was modeled

as a rectangularchannel (3 inchesby 15 inches)consu'uctcdof clearplexiglass.At the

top of the channel are 5 annularjetswhich would providethefuel/secondaryairmixture

in the realcombustor. Located one channel width,3 inches,downstream of the annular

jetsarc a pairof opposing round jetsfor each annularjet,alignedwith the annularjet.

These round jetswould provide the primary airinthe actualcombustor. The primaryjets

had the same dimensions as the one used in the singlejettestsection(diameter= 0.43

inches;length/diameter= 25). The annularjethad an innerdiameter of 1.084inchesand

an outerdiameter of 1.459 inches. The annularjetswer_ locau_d3 inchesapart,centerto

center.This same model combustor was used by Seal[1_qtomake velocitymeasurements

inthe flow field.His experiment used airas theworking fluidand he had swirlersinstead
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of annular jets. The model consists of 5 annular jet/primary jet cells to reduce end wall

effects. All measurements were made in the center cell.

Total water flow rate for all jets was determined from the venturi downstream of

the test section. The primary jets' flow rate was determined from the pressure drop in the

supply lines to each bank of jets. The venturi and each jet supply line were connected to
d

manometers for flowrate determination. Figures 3.5 and 3.6 present the calibration

curves for each flow measurement. The calibration data points are shown along with the

equations which were used to determine the flow rates from the manometer readings.

The total flow venturi output was determined from the difference between the manometer

readings at the venturi's large and small diameters. The primary jet flow pressure drops

were referenced to the constant head tank level. Readings were taken from the scale

mounted next to the manometer tubes which has divisions that were used as units.

3.2 Test Configurations

The concentration field in the model combustor was first measured with the

annular jet flow turned off. This configuration demonstrated the interactions between

two opposing impinging round turbulent jets. The total flow rate was 1.7 lb/se, c, giving a

Reynolds number based on jet diameter of 8000 for each jet. The flow control valves

were adjusted to position the interface between the jets at approximately the center of the

channel Figure 3.7 presents the coordinate system used for defining locations within the

test section. Measurements were made with the laser sheet at z locations of 6.0, 6.5, 7.0

and 7.5 inches. These locations span the area from the center jets axes to the midway

point between adjacent jet pairs. Syrmnctry w_ assumed and measurements were made

on only one side of the jet axes.
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The ann_ar jets wcrc an-ned on for the second configuration.This allowed

visualizationof the mixing between the primary jets and the annular jet. The total

annularjetflow (5jets)was 1.57 ib/sccand the primary jetflow was I.10 Ib/sec,giving

Reynolds numbers based on hydraulicdiameter of 2500 and 5200 for each annularjet

and primary jet,respectively.A higher annular jet Reynolds number could not bc

ar,aincd'without washing the primary jet flows downstream and climinafing the

interactionbetween the threejets.The ratioof totalprimary jetmomcnhun toannularjet

momentum was 1.26. The primary jet flow ram to annularjet flow rateratiowas 0.7.

Concentration measurements wcrc made with the dye lacinginjectedfirstthrough one

primary jetand then through the annularjet. As with the no annularjet flow case, the.

lasershcctwas positionedatz locationsof 6.0,6.5,7.0 and 7.5 inchesforconcentration

measurements.
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Figure 3.4. Photographof ModelAnnularCombustorTcs_Section
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CHAPTER 4: RESULTS & DISCUSSION

This chapter discusses the results obtained from the experiments described in the

previous chapter, which wcrc conducted in the modal annular combustor. The coordinate

system used for the presentation and discussion of the results is the one presented in

Chapter 3.

4.1 Opposing Jets

The results from the measurements made with no annulax jet flow aru presented in

Figures4.1 through 4.9.At each z location,the datawere reduced along linesofconstant

y,fory valuesof 0.5,1.0,1.5and 2.0 inches. The datareductionscheme ispresentedin

Chapter 2. This provided radialdistributionsacrossthejetenteringaty = 0.0 inches.In

additionto theseradialprofdcs,dam were reduced along a lineof constantx,atx = 3.0

inches,correspondingtothejetsaxes and linesparallelto the axes.

Mean and rrns concenu'adon profileswere calculatedalong each of the lines

mentioned above. The mean concentration values axe presented as a ratio to the

maximum mean value on thejetcenterline,C<:t..MAX.The rms quantifiesate dividedby

thelocalmean value toprovidea fluctuationintensityquantity,c'/C..

field.

Figm'es 4.1 through 4.4 are visualizationimages of the primary jetconcentration

Figures4.1 and 4.2 axe a singleflame and a 127 frame avcragc,respectively,with
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both figures being taken through the jet axis. The single frame image is much diffea'ent

from the average image, indicating the highly turbulent nature of this flow field. The

spread of the jet at the impingement point is barely observable in the avm'age image

because it switches from top to bottom and in the average is greatly reduced. Figures 4.3

and 4.4 am one-half inch from the jet axis. The spread from the jet impingement can b,

clearly s_n in the single franm image (Figure 4.3). Due to the _t_ turbulent nature of

this interface, the mean image (Figure 4.4) shows that the concentration is spread ovvr a

relatively large atom

Figures 4.5 through 4.9 present the mean concentration profiles at the four z

locations of the laser sheet. In each figure, the profiles am presented as line plots and as a

threm dimensional graph. Also inclucled on each figure is a diagram indicating where the

profiles are located in the test section. The concentration profiles in Figure 4.5 am

calculated across the jet axis and am similar to those ¢XlX_Cted for a single jet at y = 0.5

and 1.0 inches. At higher values of y, the clecr_as_ at the location of the jet axis (x = 3.0

inches) is caused by the opposing jet which does not contain dye. With decreasing z, the

profiles flatten as the dye mixes out toward a constant value, l::igum 4.9 shows the axial

mean profile along the jet axis and lines parallel to the axis. The jet spreads in the x-z

plane when it impacts the opposing jet. The presence of this spread can be seen in the z

= 7.0 inches profile. The mean appears to increase initially from the exit value. This

effect was also observed by Borleteau [61 and Long, Chu and Chang [14]. This is probably

due to the camera response which is expected to bc atmmmted at the image edge. Long,

et al. noticed that even after correction of original digital images, the response of the

camera was still attenualrxl at the edges. The laser sh_t rcflectexi off of the plexiglass

walls, resulting in a higher laser intensity near the wall. This introduce_i a non-lineadty

near the walls which caused the signal to be attenuated (se_ Appendix). The combination
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of the camera response and the reflection from the plexiglass walls results in the signal

attenuation near the walls.

Figures 4.10 through 4.14presentthe fluctuationintensityprofilesforthecase with

no annularjetflow. Figure4.10 istaken through thejetaxisand shows a profilesimilar

tothatexpected fora singlejetaty = 0.5 and 1.0inches. The interfacebetween the two

jetsisapparentlybetween y = 1.0 and 1.5 inches. The largepeak which would occur at

the interfaceisnot observable.The mixing region can bc seen aty = 1.5 inchesfor the

decreasingvaluesof z. Figure4.14 ismeasured along thejetaxisand linesparalleltothe

axis.The peak aty = 1.25inchesforthe z = 7.5 inchesprofileindicatesthatthejet/jet

interfaceisinfactbctwecn y = 1.0and 1.5 inches. The increaseforhighervaluesof y is

duc tothe nearzero mean value which isthe dcnorninatoroftheplottedquantity.

4.2 Annular Jet/Primary Jets Interaction

The resultsfor the configurationwith annularjet flow and primary jetflow arc

presentedin Figures4.15 through4.45.For the testwith dye injectionthrough a primary

jet,data reductionswere Performed along radialand axiallinesas describedfor the no

annularjetflow case. The testwith dye in the annularjetflow was analyzed by reducing

data along linesof constantx,forx valuesof 1.0,2.0,3.0 and 4.0 inches.This provided

radialdistributionsacrossthe annularjet.An axialprofilewas alsocalculatedalong the

annular jet'saxis (y = 1.5 inches)and linesparallelto the axis. Mean values wcm

normalized by themaximum annularjetccnterlinemean value,CO.A4AX.

4.2.1 Primary Jet Concentration. Figures 4.15 through 4.29 presentthe results

from the testwith thedye being injectedintoa primary jet.Figures4.15 through 4.18 arc

visualizationimages of the primaryjetconcentrationfief& As with theprevious case,the



44

average images ar_ gready diffe_nt from the single images indica6ng a highly unsteady

flowfield.The effectof the annularjetisclearlyevident in these images. The primary

jet flow isdriven downstream by theannularjet.The figuresat z = 7.0 inches (Figures

4.17 and 4.18) show much lessprimary jetflow at thislocationthan the case without

annular jet flow. This indicates that the primary jet is mor_ thoroughly mixed at z = 7.0

inches,due tothe annularjetflow.

Figures 4.19 through 4.23 presentthe mean concentrationprofiles.Figure 4.19

shows the profilesthrough thejetaxis.These ar_ similarto the case without annularjet

flow,except thatabove the primary jetsthe mean value isnearlyzero due tothe annular

jet flow. The mean values drop offwith de.creasingz as before.This case resultsin a

fasterdecrease due to the mixing with the annularjet-Figure 4.23 shows profilesalong

thejetaxisand linesparalleltotheaxis.The value atthe edge isattenuatedasdiscussed

in section4.I.

Figures 4.24 through 4.29 presentthe fluctuationintensityprofiles.Figu_ 4.24

shows profilessimilarto the expected curves for a singlejetat y = 0.5 and 1.0inches.

The peak on the lower x sideof thejet ishighcrdue to the increasedmixing with the

annularjet.This can be stillbc seen atz = 7.0 inches (Figure4.25).At z = 6.5 inches,

the fluctuationintensityprofilesarc nearlyzero,indicatingthatthe mixing isnearlyzero.

Figures 4.28 and 4.29 arc both fluctuationintensityprofilesalong the plane of the jet

axis.Figm'e 4.28 only goes toy = 1.7inchesbecause the quantity,(c'/-'C),was very high

and erraticbeyond thatpointdue to the nearlyzero mean value. Figure 4.29 shows the

rms normalized by CO.,MAX insteadof C to give a betterindicationof the rd_apcof the

rms profile.
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Figures 4130 and 4.31 compare the primary jet concentration results from the test

cases with and without annular jet flow. Figure 4.30 compares mean and fluctuation

intensity profiles across the primary jet axis (z = 7.5 inches). The effect of the annular jet

flow is seen in the mean as a decrease on the low x value side of the jet. The fluctuation

intensity .peak on this side of the jet is higher, with the annular jet flow, due to the

increaseki mi::ing. Figure 4.31 presents mean and flucmadon intensity profiles along the

primary,jet a:'_s and lines parallel to the axis. The mean profiles at z = 7.5 inches show

that the annular jet flow does not have a very large effect at this location. That is because

the annular jet momentum, although greater, is spread over a larger area than that of the

primary jet. The fluctuation intensity peak at the intersection of the three jets is higher

due to a more turbulent flow with the annular jet flow. At the lower z values, the profiles

for the case with annular jet flow show lower mean values and higher fluctuation

intensity values. Both of these trends indicate more mixing with the annular jet flow, as

expecu;d.

4.2.2 Annular Jet Concentration. The resul_ for the case with dye in the annular

jet flow are presented in Figures 4.32 through 4.45. Figures 4.32 through 4.35 are

concentration field visualization images of the annular jet. The unsteady nature of this

field can be deduced from the large differences between the single frame image and the

average image. This flow does not appear as turbulent as the primary jet flow and inde,_d

the Reynolds number is significantly lower for the annular jet flow. The images appear

asymmetric with more dye on the right side of the flow. This is apparently due to an

uneven flow distribution at the annular jet exit. This could be due to the annular jet being

nearlycompletely closed. If the jet controlvalve had been opened wider, the higher

annularjetflow would have washed the primary jetflows downstreams and eliminated

any interactionbetween thejets,inthefieldof observation.
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The mean concentration profilesare presented in Figures 4.36 through 4.40.

Figure 4.36 shows the mean profiles through the annular jet axis. The double peaked

curve at x = 1.0 inch is slightlyasymmetric, indicatingthe uneven flow distribution

discussed above. The profileflattensand spreadsdownstream untilat x = 4.0 inches

(downstream of the primary jets),the profileisessentiallyfiat.At z --7.0 inches,thereis

only a singlepeak because the lasersheetintersectsthe annulus of the annularjetinjust

one area.This peak isoff-centerdue to the uneven flow distributionfrom the annularjet.

Again the profilespreads and flattensdownsu'eam. At z = 6.5 inches ('Figure4.38),the

profileincreasesatx = 3.0 inches due to the primary jetscarryingthe annularjetflow

acrossthe channel to thislocation.This increaseis not as significantat z ---6.0 inches

duc to the increaseddistancefrom the primary jet pairand the effectof the adjacent

primary jetpair,sincethislocationismidway between two jetpairs.Fignm 4.40 shows

mean profilesalong the annularjetaxis and linesparallelto the axis. The effectof the

primary jet paircan be seen in the'profilesat z = 7.0 and 6_ inches as an increased

concentrationlevelextending acrossthe channel atx --3.0 inches.

Fluctuationintensityprofilesam presentedin Figures 4.41 through 4.45. Figure

4.41 presentsmeasurements made with the lasersheet alignedwith the annularjetaxis.

The edges of thejetcan be seen as peaks. The overalllevelincreasesatx = 3.0inches,

due to the mixing with the primary jetsat thislocation.The leveldrops again atx = 4;0

kuches,downstream of the primary jets.The fluctuationintensitylevelsdecrca_ with

decreasingz,as the concentrationreaches a steadyvalue and the mixing drops off.At z

= 6.0 inches, the curves arc low in the middle and incrca_ towards the sides due to the

low mean value in these areas. Figure 4.45 presents fluctuation intsnsity profiles along

the annular jet axis and lines parallel to the axis. The profile at z = 7.5 inches (tim.

annular jet axis) has the expected shape, nearly zero until the primary jet location at x =
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3.0 inches. The peak at this location indicates the highly turbulent mixing occurring

Where all three jets intersect.

4.3 Conclusions and Recommendations

This thesis presents a non-intrusive method for measuring the two dimensional

concentration distribution in a veu, complex flow field. The method utilizes a fluorescent

dye as a flow marker, which is excited by a two dimensional sheet of laser light. The

fluorescent intensity field is recorded through a video camera on a video cassette

recorder. The recorded images are analyzed with image processing hardware and

software to obtain relative intensity values. The relative dye concentration has been

shown to be proportional to the intensity. These intensity levels are then manipulated to

obtain mean and rms concentration values.

This measurement method was verified on a single round turbulent jet for which

previous measurements have been made by others. The results of the single round jet

concentration measurements indicated that the measurement system provided satisfactory

results.

The concentration measurement system was applied to the complex flow field in a

model gas turbine annular combustor. The model consisted of opposing round primary

jets and an annular jet discharging perpendicular to the primary jets. The test was run

both with and without annular jet flow. The mixing between the jet flows could be

visualized from the rms and mean profiles calculated across the flow field. Concentration

field visualization images, obtained from the image processing procedures provided

qualitative information about the flow field. These images together with the rms and

mean profiles showed that this flowfield is highly turbulent and very complex.
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This method of concentration measurement has proven to be very useful for

obtaining information about a complex flow field. The method utilized is for a liquid

flow, since a water soluble dye was used.

This method could possiblybe improved by having higherlaserpower in the test

section.-Thiswould requireeithera higherpower laseror a reductioninthe transmission

d

lossesbetween the laserand the testsection.Higher laserpower would resultin higher

fluorescentintensityfor a given concentrauon,prodding bettersystem resolution.The

fullscaleintensity_,alueof thedigitizedimz.v_eis255 and themaximum levelobtainedin

these testswas about 150. Therefore,only about one-halfof the availablescalewas

utilized.The intensitylevelcould alsobe increasedby injectinga higherconcentration

of dye. However, thiswould resultinmore absorptionof the laserintensityto the point

where absorptionmay not be negligibleinthedata reduction.

Furtherimprovements in thismethod could alsobe obtainedby accounting forthe

camera response nonuniformitiesand the lasersheetnontmiformifies.The data in this

thesiswere not correctedfor theseeffects.The appendix investigatesthese effectsand

show thatthey are not significant.The reflectionof the lasersheet from the plexiglass

walls does introducea significantnonlinearity,near the walls. This could probably be

improved by masking thelasersheettokeep itnan-ower than theflow channel atthe fast

section.
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Ar_._ular Jel Fiow (z _ 7,5 inches)

Figure 4,2.

TE92-2360

127 Fram_, Avg.t_$¢. Primary Je.l Conce_lzation Field Visaaliz_tion [m_gc
withou_ Am_u}ar Jet Fto_ (z _ 7.5 inches)
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Figure 4.3. Single Frame Primary Jet Concentration Field Visualization Image without
Annular Jet Flow (z = 7.0 inches)

I'*

Figure 4.4.

TE92-2362

127 Frame Average Primary Jet Concentration Field Visualization Image
without Annular Jet Flow (z = 7.0 inches)
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Figure 4.24. R.MS Primary JetConcentrationwith Annular JetFlow (z= 7.5 inches)
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Figure 4.40. Mean Annular Jet Concentration CY= 1.5 inches)
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APPENDIX

The effect of nonuniformities in the laser sheet and in the camera response were

not accounted for in this thesis. In this appendix, those effects are investigated.

Uniform concentration fields were obtained in the model annular combustor test

• section by circulating a very dilute dye solution through the test rig. The fluorescent field

was recorded for various uniform concentration levels. Dark response data were also

recorded with no dye in the rig. These raw data axe presented in figure A. 1. The values

on the vertical axis are the levels assigned by the image digitizer. The increase at the

sides of the channel are due to the laser sheet reflecting from the plexiglass sides. This

reflection results in a higher laser intensity near the wall.

Figure A.2 presents the profiles obtained for the different concentration levels by

subtracting the dark response from the measta_l intensity field. This is the method of

data correction which was used in this thesis. As expected, the profiles are fairly fiat

across the center portion of the channel (0.5" < y < 2.0"). The response at the sides is

apparently non-Linear since the profile drops off at each side. This could be due to a

combination of the reflection from the plexiglass walls and nonuniformities in the camera

response towards the edge of the image.

Long, Chu and Chang [l'q suggest correcting for the camera's nontmiformities by

recording an image of a uniform dilute concentration field and dividing the measured
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image by thisdiluteresponse image. This is the second stepof a two step correction

which they uscck The firststep being the subtractionof the dark response mentioned

above.

Figure A.3 presents the resultsaf-_rIxn'formingthis two step correction.The

lowestc0nccnuafion levelimage was used for thediluteresponse. The drop atrltcsides

j .

isstillapparent and isthereforeprobably due totbe reflectionfrom theplexiglasssides.

The profilesover the centerportion of the channel arc fairlyfiat,but not significantly

improved from those in figureA.2. Therefore,the singlestep corrc_on used in this

thesisisprobably sufficientover the majority of the flow area. The near wall regions

could possiblybe improved by masking the lasersheetsuch thatthe visiblesheetwidth is

lessthanthe flow channel width. The sheetmust stillbc maintained much wider thanthe

measurement area to reduce the Ganssian variation effects.
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